Rationale: Cardiac tissue cohesion relying on highly ordered cardiomyocytes (CM) interactions is critical because most cardiomyopathies are associated with tissue remodeling and architecture alterations.
but has essentially ignored the importance of modifications in CM interactions with their environment in the cardiac tissue. Thus, a thorough analysis of CM interactions involved in the stability of cardiac tissue architecture may help in the identification of new potential therapeutic targets for prevention and treatment of cardiac remodeling leading to HF.
Functional adult CMs are organized within the tissue through both cell-cell interactions involving end-to-end contacts via the intercalated disk (ID) and cell-matrix interactions through receptors localized along the sarcolemma. Together, these structures control connections of contractile myofilaments to the plasma membrane of the CM and have garnered attention due to their involvement in cardiac diseases. 1, 2 Despite numerous junctions present at the ID have been well characterized, 3 little is known regarding the molecular nature of lateral membrane components. To date, only integrin and sarcoglycan systems specifically connecting contractile apparatus of the CM to the extracellular matrix (ECM) have been described. 4, 5 Eph receptor tyrosine kinases and their membrane-bound ligands ephrins form an essential intercellular communication system associated with cytoskeleton regulations. 6 In the last few years, the role of Eph/ephrin system has been extensively investigated mainly in developing tissues, including the central nervous and vascular systems. Eph/ephrins have been implicated in various processes including neuronal network formation, guidance of migrating cells, and axonal pathfinding but also in the regulation of angiogenesis. 7, 8 More recently, Eph/ephrins have been shown to be major actors in the pathophysiology of cancer. 9 So far, little is known regarding their putative roles in adult tissue but they have been reported to participate in modulation of bone remodeling 10 and insulin secretion. 11 Finally, their role in the control of cell-cell interactions has been underlined in kidney 12 and crystalline lens 13 emphasizing the importance of ephrin system in maintaining tissue architecture.
A role for EphA3 receptor has been identified in heart development and morphogenesis at the embryonic stage. 14 Only a descriptive study reported the Eph/ephrin system expression in adult mouse heart ventricles and investigated the role of EphB4 on the contraction synchronization in fetal CMs. 15 Mutations in the ephrin-B1 gene in humans have been associated with cranio frontonasal syndrome, which is characterized by craniofacial dysmorphies with some of the mutations associated also with cardiomyopathy. 16 Moreover, several studies have reported specific ephrin-B1 regulation of cellular junctions such as gap junctions, 17 tight junctions, 18 and also ECM receptors. 19, 20 All of these junctions are important regulators for cell and tissue cohesion and are altered in different models of cardiomyopathy. Thus, we decided to explore the potential cardiac role of ephrin-B1.
In the present study, using an ephrin-B1 knock-out (KO) mouse model (efnb1 Ϫ/Ϫ ), we identified ephrin-B1 as a new structural protein specific for the lateral membrane of the CM involved in adult cardiac tissue architecture stabilization. Using a wide array of approaches from light and electron microscopy, atomic force microscopy, and biochemical measurements to in vivo functional assays, we show that the lack of ephrin-B1 leads to cardiac tissue alterations that may predispose to pathological responses under cardiac stress.
Methods
An expanded Methods section is provided in the Online Supplement.
Statistical Analysis
All data represent the meanϮSEM of 3 to 10 independent experiments as indicated. Statistical significance of the data were assessed using unpaired 2-tailed Student t-test (*PϽ0.05, **PϽ0.01, ***PϽ0.001, nonsignificant). In some cases, Chi square test was used instead (Kaplan-Meier curves).
Results

Ephrin-B1 Is Largely Expressed in Cardiac Muscle and Is Specific of the Endothelial Cell and the Lateral Membrane of the Mature Adult CM
We first assessed the expression of ephrin-B1 in adult heart from wild-type (WT) mice. Western blot analysis revealed abundant and specific expression of ephrin-B1 in whole cardiac tissue extracts ( Figure 1A ). Fluorescence imaging of heart cryosections revealed that ephrin-B1 was expressed in all heart compartments (left and right ventricles, septum; not shown). Cell membrane wheat germ agglutinin (WGA) costaining showed that the protein was specifically expressed at the lateral membrane of CMs with no expression in the ID ( Figure 1B and 1C ). Similar pattern of ephrin-B1 expression was obtained in CMs from adult rat cardiac tissue (Online Figure IA) . Beside CM staining, ephrin-B1 was also detected in endothelial cells (ECs) as previously described, 15 from both micro and macrovasculature as demonstrated by colocalization with isolectin-B4, a specific EC marker (Figure 1 B-C). Both CM and EC staining were completely lost in KO mice demonstrating the specificity for ephrin-B1 cardiac expression and localization ( Figure 1B ). Compartmentalizations of ephrin-B1 at both lateral membrane of CMs and ECs were further confirmed by immunogold electron microscopy ( Figure 1D ). Interestingly, ephrin-B1 localization in the CM was regulated during postnatal myocardial maturation period (3 weeks). Indeed, ephrin-B1 was totally absent from the lateral membrane of the CM the first postnatal days when it was only expressed in the nucleus (Online Figure IA) , whereas its expression at the lateral membrane correlated with the final adult CM maturation step, most likely indicat- ing a specific role of this protein after birth in the lateral membrane of the mature CM. By opposition, ephrin-B1 expression/localization in adult ECs was already detected in ECs immediately after birth (Online Figure IB ).
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Ephrin-B1 Knockdown Disrupts Cardiac Tissue Architecture Cohesion and CM Morphology
To understand the role of ephrin-B1 in the mature CM, we analyzed the cardiac phenotype of the general ephrin-B1 KO mice that were previously described. 21 We first undertook a histological analysis using H&E staining of cardiac tissue from WT and KO mice at different development stages (3 weeks and 2 months). Three weeks after birth, there was no evidence for cardiac tissue modification in KO mice compared with WT (Figure 2A , upper). However, at 2 months of age, in contrast to WT hearts characterized by a tight and strong cohesion between CMs, disorganization of CMs with a "wavy" aspect could be visualized randomly in all heart compartments (septum, right and left ventricle) from KO mice (Figure 2A , middle) with some CMs exhibiting whorled appearance (Figure 2A , lower). These changes were detected in all KO mice but presented focal distribution within the tissue. Thus, ephrin-B1 KO mice developed progressive alteration of the cardiac tissue architecture that correlated with the timing of ephrin-B1 lateral membrane expression in the mature adult CM from WT animals. Morphometric analysis of cell membranes by WGA-staining further confirmed modification of CMs morphology that lost their hallmark rod-shape ( Figure 2B ). Quantification studies demonstrated significant decrease in cross-sectional area of CMs from KO mice in fixated cardiac tissue ( Figure 2C) with no difference in cell density (WT: 10.6Ϯ0.7 CMs per mm 2 ; KO: 11.3Ϯ1.1 CMs cells per mm 2 ). In agreement with tissue observations, isolated adult KO CMs displayed a significantly reduced short axis while increasing their long axis compared with WT ( Figure 2D ). Even though KO mice displayed CMs morphology abnormalities, this was not correlated with development of cardiac fibrosis (Online Figure IIA) . Aberrant cell differentiation during heart development could not account for morphological CM changes in KO mice, because all 3-week-old mice exhibited mature rod-shape CMs and tissue alterations were evident only 2 months after birth. It is noteworthy that despite broad expression of ephrin-B1 in the cardiac capillary network, 2-month-old KO mice showed no changes in capillary density as quantified by isolectin-B4 ECs-staining (Online Figure IIB) nor evidence for myocardial necrosis or inflammation as visualized on H&E staining, thus demonstrating integrity and functionality of the cardiac vasculature. Altogether, these results supported a role for ephrin-B1 in the maintenance of adult cardiac tissue architecture essentially by controlling CMs morphology.
Ephrin-B1 Regulates Lateral Membrane Structure, Nanomechanical Properties, and Molecular Composition of the Cardiomyocyte
Given the specific expression of ephrin-B1 at the lateral membrane of the CM, we questioned whether disturbance of the lateral membrane accounted for the abnormal CM morphology in KO mice. Electron microscopy revealed significant structural alterations of the lateral junction characterized by an abnormal nonlinear appearance compared with WT mice ( Figure 3A ). To rule out contribution of other cardiac cell types in the CM phenotype, we generated a CM-specific ephrin-B1 KO mice (cKO) (Online Figure III) . In cKO mice, we confirmed lateral membrane disorganization of the CM (Online Figure IVA) . In correlation with the alteration of the CM lateral membrane structure, atomic force microscopy study revealed a significant 3-fold increase of young modulus (elasticity) in CMs from KO mice ranging from 35.5Ϯ6.4 kPa to 62.4Ϯ13.1 kPa compared with 12.5Ϯ1.3 kPa to 21.3Ϯ3.6 kPa in WT mice ( Figure 3B ), thus indicating that the lack of ephrin-B1 in the CM increased the stiffness of the lateral membrane. It must be noticed that the repartition of young modulus was very homogeneous throughout the lateral membrane of WT CMs, although it showed high heterogeneity in KO CMs as represented by the larger distribution of young modulus frequency ( Figure 3B , lower panels), most probably reflecting different levels of morphology modifications at the lateral membrane surface. To understand the molecular basis accounting for this phenotype and given the interaction of the lateral membrane of the CM with the ECM, CM-matrix interactions predominantly regulated by integrin-and dystroglycan-based complexes were first analyzed. We found that localization (Online Figure VA ) and expression (Online Figure VB) of both ␤1-integrin and ␤-sarcoglycan/␣-dystroglycan (glycosylation) complex along the plasma membrane were unchanged in hearts from KO mice compared to WT as shown by immunofluorescence and immunoblot staining respectively, thus demonstrating regular and functional CM-matrix junction complexes in the absence of ephrin-B1. We looked then at the tight junction transmembrane protein claudin-5, a specific endothelial cell tight junction component, which was previously localized at the lateral membrane of the CM and whose downregulation correlated with similar modification of lateral membrane structure in mice models of cardiomyopathy to that observed in ephrin-B1 KO mice. 22 We confirmed the presence of claudin-5 in the microcirculation and along the lateral membrane of CMs in control hearts ( Figure  3C ; Online Figure IVB ) and did not detect any labeling in the ID. Specific expression of claudin-5 at the lateral membrane of the CM was more readily detectable in rat heart (Online Figure VC from the lateral junction in KO and cKO mice ( Figure 3C and Online Figure IVC ). However, ZO-1 further accumulated in the ID as evidenced by the significant increase in ZO-1 fluorescent staining ( Figure 3C , WT: 112.0Ϯ6.2 fluorescence/pixel 2 KO: 138.3Ϯ8.2 fluorescence/pixel 2 , meansϮ SEM, PϽ0.05). Relocalization of ZO-1 was further supported by the lack of modification of ZO-1 protein ( Figure 3D ) and gene expression ( Figure 3E ). Altogether, these results supported a role for ephrin-B1 in the stabilization of claudin-5/ ZO-1 junctional complex at the lateral membrane of the CM. The regulation of claudin-5 by ephrin-B1 at the lateral membrane most likely relates to a direct mechanism because both claudin-5 and its ZO-1 partner were found associated with ephrin-B1 in isolated CMs as shown by coimmunoprecipitation ( Figure 3F ) and claudin-5 could directly interact with ephrin-B1 in BRET experiments ( Figure 3G ). Specific destabilization of claudin-5/ZO-1 complex in ephrin-B1 KO mice most likely preceded and initiated the lateral membrane disorganization of the CM. Indeed, lack of claudin-5 at the lateral membrane was evident in all CMs from 2-month-old KO mice, whereas modification of their lateral membrane structure was only focal at same age. It follows that ephrin-B1 may regulate the morphology of the CM by controlling lateral membrane structure, probably through its interaction with the specific adhesion protein claudin-5.
Ephrin-B1 Knockdown Impairs Basement Membrane of the CM and Fibrillar Collagens Organization
Because CMs are anchored to the ECM through their lateral membrane and ephrin-B1 KO mice exhibited structural alteration of the lateral membrane, we examined the morphology of cardiac ECM from KO and WT mice by electron microscopy. In contrast to the well-organized pattern in WT, the basement membrane and the fibrillar collagen bundles were highly disorganized in the KO mice ( Figure 4A Figure 4B ). However, the reduced expression of interstitial fibrillar collagens and degradation ECM system by the CM did not impact their expression in the whole cardiac tissue (Online Figure VI ). This most probably related to the contribution of the other cardiac cells in the synthesis of the ECM components. In agreement with these observations, we didn't notice any modifications of cardiac collagen I and III levels between WT and KO mice as previously indicated (Online Figure  IIA) . By contrast, basement membrane components of the CM are specific for the myocyte cell only. Given the importance of the basement membrane in controlling cell morphology, these results suggest that ephrin-B1 maintains lateral membrane morphology of the adult CM by a new mechanism involving regulation of its interaction with the basement membrane. This specific CM-matrix interaction underlies a novel role in the stabilization and organization of the cardiac ECM.
Ephrin-B1 Knockdown Results in Abnormal Intercalated Disk and Sarcomeric Structure
Because lateral membrane of the CM is directly connected at both end to the ID that anchors myofilaments, we next examined whether modifications of the lateral membrane in these mice impacted on the different cell-cell junctions of the ID and the sarcomeric apparatus. In opposition to WT mice characterized by ID-components from adherent junction (Ncadherin), desmosomes (desmoplakin 1/2), and gap junctions (connexin-43) regularly organized along the ID ( Figure 5A ), these proteins demonstrated a significant spatial disorganization in the KO mice showing irregular spread dots labeling along a wider ID with no modification of their expression levels (Online Figure VIIA-VIIC). These modifications most likely emanated from ultrastructural alterations of the ID as shown by the higher degree of circumvolution of the ID in electron micrographs from KO hearts ( Figure 5B ). Beside abnormal ID structure, there was not clear modification of the ID space between CMs from WT and KO mice (Online Figure VIID) nor apparent disorganization in the electrondense structures associated with the ID or in the myofila-ments attachments at these locations. Generally, alteration of proteins directly participating in ID structure influences expression of other ID components. 23 Thus, modification of ID morphology without any modulation of associated junctional components most likely indicates an indirect consequence of ephrin-B1 deletion linked to the lateral membrane destructuration.
Ephrin-B1 deficient CMs displayed misalignment of both their myofibrils as indicated by rhodamine-phalloidin staining ( Figure 5C , upper panels) despite no change in the total amount of Pan-actin ( Figure 5D ). In correlation with myofibrils structure defects, ␣-actinin staining also revealed Z-lines misalignment ( Figure 5C , lower panels) associated with significant loss of ␣-actinin expression ( Figure 5D ). These changes were detected in all 2-month-old KO mice but still exhibited focal localization within the heart tissue most likely reflecting an indirect consequence of ephrin-B1 deletion at the lateral membrane. Similar Z-lines misalignment was reported in mice models with deletion of intermediate filament desmin or desmin-associated proteins. 24, 25 However ephrin-B1 KO phenotype is unlikely to be related to desmin deregulation because desmin expression and attachment to Z-lines was preserved (Online Figure VIIIA and VIIIB) . Finally, despite structural changes in the myofilaments in KO mice, we did not observe any modification of microtubule networks as indicated by similar expression and distribution of tubulin in CMs from WT and KO mice (Online Figure  VIIIC and VIIID) . Electron microscopy confirmed structural sarcomeric disorganization that could account for disruption of myofibrillar organization ( Figure 5E ). Indeed, KO mice exhibited high heterogeneity of their sarcomeres morphology (Online Figure VIIIE -VIIIG) together with a lack of actinenriched I-bands in all sarcomeres ( Figure 5E ) despite no modification of total actin expression ( Figure 5D ), most likely indicated relaxed aspect of the sarcomere. Similar ultrastructural abnormalities of sarcomeric apparatus have been observed in the cKO mice (Online Figure IVE) . Again, modification of sarcomeric structure of CMs from KO mice without major modification of its integrity more probably related to indirect consequences of the deletion of ephrin-B1 rather than a direct role of this protein in the contractile apparatus per se.
Ephrin-B1 Knockdown Results in Left Ventricle Chamber Dilation and Cardiac Electric Conduction Impairment
To test whether ephrin-B1 played a role in cardiac physiology, we analyzed the cardiac phenotype of efnb1 Ϫ/Ϫ mice. At 2 months of age, ephrin-B1 deficient mice (KO, cKO) displayed no difference in heart-to-body weight ratio compared with respective controls (Table, upper) . Interestingly, echocardiography analysis revealed significant intraventricular dilation in ephrin-B1 KO mice as shown by significant enlargement of the left ventricle at end diastole with no change in left ventricular wall dimensions or gross alterations in systolic contractile performance compared with WT (Table, middle). Enlargement of left ventricle at end diastole was confirmed in cKO mice but with further significant decrease of interventricular septum thickness in diastole and left ventricular wall dimensions (Table, middle ). Beside cardiac morphology and contractile function, electric properties of the heart were investigated by electrocardiography. Although depolarization and repolarization of the KO ventricle were normal (QRS complex and QT interval), both efnb1 KO and cKO mice exhibited significant bradycardia associated with a decrease of the atrioventricular conduction as evidenced by a prolonged PR interval compared with WT mice (Table, lower) . Taken together, these data indicated that the specific absence of ephrin-B1 in the CM promoted defects in both heart morphology and conduction.
Ephrin-B1 Knockdown Confers Mice Hypersensitivity to Pressure Overload
Given high modifications of cardiac tissue cohesion detected in efnb1 Ϫ/Ϫ mice, we assessed its adaptive response to biomechanical stress imposed to the left ventricle under conditions of high blood pressure after ascendant aortic banding (AAB) as previously described. 26 Remarkably, 59% of the ephrin-B1 KO mice died 24 hours following AAB, compared with no death in the WT group ( Figure 6A ). Although we are uncertain why ephrin-B1 KO mice perished, banded mice that survived 30 days of AAB exhibited higher variation of cross-sectional area of myocytes from KO banded ( Figure 6B ) and higher variations in interventricular septum or left ventricular posterior wall thickness (Online Figure IXA , Online Tables I-III) measured before and after AAB. However, we measured similar fetal reprogramming, development of reparative fibrosis, and heart weight/body weight ratio in KO and WT mice (Online Figure IXB and IXC), thus indicating that increased myocyte size in KO mice most likely related to morphological defect of the CM and not to an increased cardiac hypertrophy. Interestingly, although systolic function was not significantly different 30 days after AAB between WT and KO mice, high ejection fraction variability was noticed exclusively in KO, with some animals showing high ejection fraction reduction ( Figure 6C ) correlating with left ventricle at end diastole dilatation ( Figure  6D ). More striking feature of cardiac tissue from KO banded animals came from histomorphologic analysis that revealed fundamental tissue disarray with loss of CM integrity that reminisces that of human patients with end-stage HF. 27 Myocytes intersect at various angle and showed whorled appearance, thus indicating a lack of CMs stability within the tissue (Figure 6E, H&E) . Modifications in interstitial collagens I and III could not account for the instability of CMs because their gene expression levels were similar in both WT and KO cardiac tissue (Online Figure IXD) . Myofibrils can be seen running in different directions ( Figure 6E , H&E, left-middle). Cardiac tissue demonstrated signs of CMs necrosis characterized by cellular swelling, disruption of myofibrils, loss of nuclei and cytoplasmic details and inflammatory cells in close contact to cell debris ( Figure 6E , H&E, right). Modifications of CMs were largely evident on WGAheart sections staining (Figure 6E, WGA) . Phenotypic changes of cardiac tissue from KO banded mice also included high dilatation and disorganization of the vessels from the Figure 6 . Ephrin-B1 is essential for the cardiac adaptation to pressure overload. Two-month-old wild-type (WT) or ephrin-B1 knockout (KO) mice were subjected to ascendant aortic banding (AAB). A, Kaplan-Meier survival analysis of WT (nϭ27) and KO (nϭ23) mice. B, Cardiomyocytes (CMs) area were measured on wheat germ agglutinin (WGA)-stained heart sections and showed significant higher cross-sectional area in KO mice 30 days after AAB (meanϮSEM, nϭ6 -12 mice per lineage group; ***PϽ0.001 vs sham control of the same genotype, ##PϽ0.01, ###PϽ0.001 vs WT of the same group, unpaired 2-tailed Student t test). C, Echocardiographic measurements of ejection fraction (EF) or (D) left ventricle at end diastole (LVEDD) 30 days after AAB showed high hetererogenity in KO mice compared with WT with some mice developing heart failure (mean and experimental points, nϭ23 WT, nϭ18 KO). E, H&E staining of heart sections from WT or KO banded mice identified high disorganization of cardiac tissue architecture in KO mice. Note intersected and whorled CMs (left, middle) as well as CMs necrosis (right, dot-lines, arrowheads). Cell membranes WGA-staining of heart sections confirmed CMs disarray in the myocardium of KO mice. Endothelial cells isolectin-B4 (I-B4) staining of heart sections also identified microcirculation disorganization with some capillaries crossing the myocardium in KO mice (arrowheads). F, Cardiomyocyte efnb1 and claudin5 gene expression (qPCR) in WT mice submitted to transverse aortic banding (TAC) for 15 days (nϭ6) or in controls (nϭ5). G, Linear regression analysis showing the existence of a relationship between CM efnb1 gene expression level (qPCR) and EF (echocardiography) in WT mice submitted or not to TAC. Scale bars: 100 m (E). microcirculation which were crossing and interrupting orientation of CMs in the myocardium (Figure 6E , isolectin-B4) despite no change in the capillary network density (Online Figure IXE) . We found high heterogeneity of these features in all KO mice. Interestingly, morphological cardiac tissue disorganization correlated perfectly with loss of cardiac performance because KO banded mice demonstrating worst shortening fraction exhibited the more dramatic cardiac tissue architecture disarray. In correlation with a putative role of ephrin-B1 in transition toward HF, we found that encoding genes for ephrin-B1 and its cognate claudin-5 partner were significantly reduced in CMs from a mouse model of transverse aortic constriction-induced HF ( Figure 6F , Online  Table IV ) and that ephrin-B1 gene expression positively correlated with ejection fraction ( Figure 6G ). Thus, cardiac expression of ephrin-B1 is essential for early survival after severe pressure overload and represents a negative regulator of associated cardiac architecture disorganization. Altogether, these results highlighted the importance of ephrin-B1 in the adaptative response to pressure overload.
Table. Morphometry and Cardiac Function of 2-Month-Old Ephrin-B1 WT and KO Mice and of 2-Month-Old Control and cKO Mice
Discussion
In this study, we identify ephrin-B1 as a novel component of the lateral membrane of the adult CM. General loss of ephrin-B1 leads to a progressive disorganization of cardiac tissue architecture associated with adult CM morphology defects directly related to the absence of ephrin-B1 at CM lateral membrane as demonstrated in the conditional CM-specific ephrin-B1 KO mouse model. Ephrin-B1 controls CM morphology through stabilization of the lateral membrane by a novel mechanism most likely involving its interaction with the ECM independently of the mechanotransduction systems. Cardiac architecture abnormalities are associated with an increased left ventricle diameter and delayed atrio-ventricular conduction. Finally, although the absence of ephrin-B1 did not modify compensatory adaptation to pressure overload stress, it precipitates cardiac tissue disorganization classically observed in human HF. These data clearly indicate that ephrin-B1 is an important regulator of cardiac tissue architecture that could be involved in cardiac pathologies.
Ephrin-B1 deficiency leads to specific morphological and molecular modifications of the lateral membrane of the CM associated with subsequent alterations of the ID and sarcomeric apparatus structure and loss of ECM integrity. We propose a model whereby ephrin-B1 stabilizes rod-shape adult CM morphology by regulating specific interactions between the lateral membrane and the ECM and thus the tension force distribution at the cell surface ( Figure 7) . Accordingly, in the absence of ephrin-B1, the CM shrinks and lengthens as a consequence of lateral membrane destabilization thus increasing membrane stiffness as demonstrated by atomic force microscopy studies. In WT mice, the lateral tension generated by the cell-matrix interaction within the CM could play an indirect role in stretching both sarcomeric apparatus and the ID (Figure 7) . To date, only ECM receptors localized all along the sarcolemma of the CM acting were identified as direct lateral tensors for sarcomeres. 1,28 -30 Thus, the lack of ephrin-B1 induces detachment of the lateral membrane from the ECM and compresses the ID. As a consequence of ID compaction and because ID structure is known to anchor and stretch myofibrils, CMs exhibit myofibrils misalignment, irregular sarcomere size, and loss of visible actin thin strand I-band. Similar modifications have been observed in transgenic mouse models with modifications of ID structure. 23 Finally, misalignment of Z-lines in CMs from efnb1 Ϫ/Ϫ mice despite the lack of modification in desmin filaments also most likely related to the loss of lateral tension at the cell membrane. Thus, the decrease of CM width may probably indirectly relax the desmin network attached to the lateral membrane thus mimicking CM features observed in the absence of desmin. 24, 25 Previous studies have already suggested a role for ephrin-B1 in the maintenance of cytomorphology of epithelial cells in the adult kidney, 12 as well as for other members from eph/ephrin family in different tissues. 13, 14 However, our data provide first evidence for its importance in stabilization of cardiac tissue architecture independently of cell-cell interaction given the absence of CMs connection through the lateral membrane where it is specifically expressed. Several studies have proposed a role for ephrin-B1 independently of its trans interaction with its cognate Eph receptor, 31 for instance by directly interacting in cis with claudin proteins core component of the tight junction. Similarly, ephrin-B1 was found to directly interact with claudin-5 in adult CMs to stabilize its localization at the lateral membrane. Unexpectedly, the presence of claudin-5 in the absence of tight junctions at the lateral membrane suggests a new role for claudin-5. The unusual presence of claudin proteins in non- Figure 7 . A proposed model for ephrin-B1-mediated stabilization of the adult CM lateral membrane. A, In normal adult cardiomyocyte (CM), ephrin-B1 interacts with claudin-5/ZO-1 complex and stabilizes its localization at the lateral membrane and the interaction of the lateral membrane with the extracellular matrix, thus exerting mechanical tension and stretching both the ID and Z-lines (red arrows). This interaction maintains extracellular matrix (ECM) structural integrity. B, In the absence of ephrin-B1, claudin-5 disappeared from the lateral membrane while ZO-1 delocalized to the ID and the lateral membrane loses anchorage at the ECM. This leads to morphological modifications of the CM characterized by a long axis increase and short axis decrease (red arrows) which probably accounts for the increased stiffness of the lateral membrane. Altogether, these lateral membrane alterations indirectly impact on ID, Z-lines, basement membrane and interstitial matrix constitution/organization. junctional cell membranes was already reported with some isoforms interacting with unrelated transmembrane receptor. 32, 33 However, the functional significance of claudin proteins apart from the intercellular tight junction is currently unknown. Similar observations have already been described for gap junction core components connexins, another class of adhesion molecules, outside the gap junction, where they exhibit new function. 34 The fact that the ephrin-B1/claudin-5 complex was localized all along the plasma membrane could argue for its specific role in directly connecting lateral membrane of the CM to the ECM. However, whether ephrin-B1 or claudin-5 could act as a direct receptor for ECM components has never been shown. Nevertheless, our observations argue for a new role for ephrin-B1 in stabilization of claudin adhesion molecules at the plasma membrane independently of tight junctions.
Ephrin-B1 expression at the lateral membrane of the CM occurs only following the first postnatal days and only during the CM terminal differentiation process (postnatal days [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] when it acquires its characteristic rod-shape morphology. Because the lateral membrane of the adult CM is required for maintenance of its characteristic rod-like shape, its modification in the ephrin-B1 KO mice could alter the paving shape of the CM as readily observed. Nevertheless, if ephrin-B1 actively participates in the establishment of the lateral membrane and thus the adult CM morphology, one would have expected that in its absence, CMs would never achieve their characteristic rod shape. This is however unlikely because CMs still achieve their mature rod shape in KO mice as evidenced in 3-week-old animals and show progressive morphological transformation only after 2 months of age, thus highlighting a role for ephrin-B1 independently of CM maturation initiation process. Therefore, ephrin-B1 more likely plays a role in stabilizing the lateral membrane of the CM subsequently to lateral membrane set up. In line with this assumption, alteration of the adult CMs morphology in the absence of ephrin-B1 appears progressively only after 2 months of age correlating with ephrin-B1 late timing set up at the lateral membrane of the adult CM. Thus, adult CMs morphology defects detected in ephrin-B1 KO mice strikingly referred to the role of ephrin-B1 at the lateral membrane of the mature CM.
Our study highlights a new mechanism involved in CM-ECM interaction specific to the lateral membrane but independent from the classical integrin and dystroglycan systems establishing physical connections between the ECM and the intracellular contractile machinery. Accordingly, mice exhibiting defects in one of these 2 systems clearly demonstrate specific cardiac contractility defects. [35] [36] [37] [38] By opposition and in agreement with integrin or dystroglycan independent pathways, contractile function was preserved in ephrin-B1 KO mice, thus correlating with the lack of dramatic changes in sarcomeric apparatus core components. Moreover, integrity/functionality of the integrin system in ephrin-B1 KO mice is further supported by the expected classical adaptation to pressure overload known to be directly sensed by integrins. Finally, the lack of integrin or dystroglycan components did not lead to structural abnormalities of the lateral membrane as observed in ephrin-B1 KO mice.
Also, it appears that this specific CM lateral membrane-ECM interaction supports a new structural role for the cardiac tissue architecture in maintaining overall integrity of both CMs and the ECM. Similar pattern of ECM disorganization has been already described in hearts from mice lacking collagen XV expression, which connects basement membrane of the CM to the fibrillar matrix. 39 The fact that efnb1 Ϫ/Ϫ mice exhibited considerable downregulation of all the components of the basement membrane of the CM most probably arised from a consequence of the disruption of lateral membrane-ECM interaction rather than a direct role on basement membrane synthesis per se. In agreement with this hypothesis, 3-week-old KO mice show preserved rod-shaped polarized CMs, thus demonstrating the integrity of matrix synthesis at this stage. Similar feedback regulation of laminin synthesis has been already described after disruption of integrin-ECM interaction. 40 Because cellular basement membrane dictates cell morphology, the progressive defects in basement membrane production in ephrin-B1-deficient CMs most probably drives the progressive modification of their rod shape. The lack of basement membrane components could explain the CMs slippage and thus the tissue architecture disorganization observed following biomechanical stress. Finally, disruption of CM-ECM integrity at the lateral membrane leading to a general lack of cardiac tissue cohesion could account for the increase of the left ventricle diameter measured in KO mice.
One striking feature of efnb1 Ϫ/Ϫ mice is their high susceptibility to dazzling death following pressure overload despite higher hypertrophic response, thus suggesting some sort of inadaptation. Although we are not able to determine the exact defect, the observation that KO mice exhibit a delayed atrioventricular conduction together with the morphological modification of the intercalated disk in CMs with abnormal distribution of connexin 43 could indicate increased arrythmogenic susceptibility in these mice following pressure overload stress. In line with this assumption, a recent study showed the importance of heterogeneous connexin 43 distribution in the development of ventricular arrhythmias. 41 The observation that efnb1 Ϫ/Ϫ mice exhibit high heterogeneous responses to pressure overload is also quite intriguing. However, this could be easily explained by the fact that these mice exhibited only focal disorganization of the cardiac tissue at 2 months of age. This is further supported by the histological examination of cardiac tissue from banded KO mice that showed high variations in the degree of cardiac tissue disarray, even if all mice presented these modifications while they were absent in WT mice. Finally, we cannot exclude that disorganization of cardiac vessels detected in KO banded mice is also a contributing factor to death. Further studies using targeted ephrin-B1 deletion will be necessary to explore this hypothesis.
Of interest, our study provided evidence that lack of ephrin-B1 at the CM lateral membrane clearly influences the morphology of the adult CM and its elastic properties. It follows that ephrin-B1 most probably enforces a physical constraint to stabilize the lateral membrane and, in its absence, the CM is more susceptible to external/internal pressures that will directly impact on the CM morphology. This is perfectly illustrated by morphological changes observed in KO and cKO mice exhibiting ventricle dilatation without any modification of heart weight/body weight ratio, nor reduction in CMs numbers or interstitial ECM. Similarly, this could explain peculiar adaptation of the KO mice during aortic banding with exacerbated increase of CMs area while fetal gene reprogramming and changes in heart weight/body weight are similar to those observed in WT mice.
In summary, we described a previously uncharacterized specific component of the CM lateral membrane, ephrin-B1, which acts as a stabilizer of the CM morphology and the overall cardiac tissue cohesion. Interestingly, ephrin-B1 interacts specifically with claudin-5, which was found to be downregulated in dystrophic mice models or in human end-stage cardiomyopathy. 22, 42 Given our results showing interactions between ephrin-B1 and claudin-5, one might expect similar dysregulation of ephrin-B1 in human cardiomyopathies. In line with this hypothesis, mouse model of DCM associated with claudin-5 downregulation demonstrated similar structural alterations of the lateral membrane as seen in the ephrin-B1 KO mice. 22 Moreover, efnb1 gene is subjected to large number of mutations in patients with craniofrontonasal syndrome with some patients exhibiting cardiomyopathy. 16 However, because the role of ephrin-B1 at the adult stage is still new, no study correlating human efnb1 mutations and the development of cardiomyopathies have been yet performed. To date, HF candidate genes concentrated on proteins involved in regulation/composition of CM contractile apparatus. Our KO model is characterized by an unusual disorganization of the overall cardiac contractile apparatus without classical features observed in models of contractile dysfunction (ie, loss of contractile components, calcium pathway contractile regulators). Lack of contractile dysfunction in young KO mice suggests the need for future studies in older animal to clarify whether ephrin-B1 is involved in the pathogenesis of cardiomyopathy.
We propose that ephrin-B1 and, more generally, structural components of the CM lateral membrane, could directly be involved in occurrence of HF, thus suggesting a novel pathway that needs to be explored beside the classical hypertrophic/fibrotic one.
What New Information Does This Article Contribute?
• Ephrin-B1 is a new and specific component of the lateral membrane of the cardiac myocyte where it constitutively interacts with claudin-5. • Ephrin-B1 is essential for cardiac tissue architecture cohesion by stabilizing the rod-shape morphology of cardiac myocytes. • Ephrin-B1 regulates structure, elastic properties, and composition of the lateral membrane of cardiac myocytes. • Ephrin-B1 regulates adult cardiac myocyte morphology through a new cell-matrix interaction independent of the classical integrin/ dystroglycan systems. • Ephrin-B1 is not directly connected to the contractile machinery. The absence of ephrin-B1 confers hypersensitivity to mechanical stress because efnb1 KO mice demonstrate early death following pressure overload and striking cardiac tissue disorganization mimicking those observed in end-stage heart failure human patients. • Cardiac myocytes from mice failing hearts exhibit a significant decrease of ephrin-B1 and claudin-5 gene expression.
Cardiac tissue disorganization with disruption of cell-cell and cell-matrix interactions contributes to heart failure. In the search of new proteins that stabilize cardiac architecture, we identified ephrin-B1 as a new cardiac myocyte component specifically expressed at the lateral membrane. Young adult mice deficient for ephrin-B1 or with specific CM deletion exhibit focal tissue disorganization and loss of CM rod-shape morphology. Ephrin-B1 deficiency directly modifies cardiac myocyte lateral membrane structure, molecular composition (lack of claudin-5 interacting partner), and increases its stiffness. KO mice show loss of basement membrane components together with poorly organized fibrillar collagen matrix without modification in integrin/dystroglycan cellmatrix system. KO mice do not present contractile defects but decreased atrioventricular conduction and bradycardia. Moreover, they develop hypersensitivity to pressure overload with early death and striking cardiac tissue disorganization. Interestingly, following mechanical stress KO mice present abnormal increase in myocyte size, but fetal gene reprogramming, fibrosis development, and heart weight/body weight increase similar to wild-type mice. Finally, ephrin-B1 is specifically downregulated in failing cardiac myocytes. Our findings demonstrate ephrin-B1 as a potent cardiac tissue architecture stabilizer whose disruption could play an atypical role in transition toward heart failure. Overall, this work highlights the potential role of lateral membrane structure alteration in heart failure.
